We report the observation of the three-dimensional angular dependence of the spin Hall magnetoresistance (SMR) in a bilayer of the epitaxial antiferromagnetic insulator NiO(001) and the heavy metal Pt, without any ferromagnetic element. The detected angular-dependent longitudinal and transverse magnetoresistances are measured by rotating the sample in magnetic fields up to 11 T, along three orthogonal planes (xy-, yz-and xz-rotation planes, where the z-axis is orthogonal to the sample plane). The total magnetoresistance has contributions arising from both the SMR and ordinary magnetoresistance. The onset of the SMR signal occurs between 1 and 3 T and no saturation is visible up to 11 T. The three-dimensional angular dependence of the SMR can be explained by a model considering the reversible field-induced redistribution of magnetostrictive antiferromagnetic S-and T-domains in the NiO(001), stemming from the competition between the Zeeman energy and the elastic clamping effect of the non-magnetic MgO substrate. From the observed SMR ratio, we estimate the spin mixing conductance at the NiO/Pt interface to be greater than 2x10
the possibility to electrically detect the Néel vector direction in stable NiO(001) thin films, for rotations in the xy-and xz-planes. Moreover, we show that a careful subtraction of the ordinary magnetoresistance contribution is crucial to correctly estimate the amplitude of the SMR.
MANUSCRIPT I. INTRODUCTION
Antiferromagnets (AFMs) are materials with compensated magnetic sublattices and a vanishingly small magnetization, presenting many technologically relevant properties: they are free from stray fields, robust against external magnetic perturbations and potentially operating at THz frequencies. [1, 2] However, a reliable electrical reading of antiferromagnetically stored information is challenging, especially in antiferromagnetic insulators, [3] where a charge current cannot flow. A possible approach providing electrical information on the magnetic state of insulators is a new type of magnetoresistance, the spin Hall magnetoresistance (SMR), [4] which occurs in bilayers of a magnetic material and a heavy metal with high spin orbit coupling.
The SMR is a magnetoresistance effect caused by the simultaneous interconversion between a charge current and a spin current, via the spin Hall effect (SHE) and inverse spin Hall effect (ISHE). [4] [5] [6] The SMR was first observed in ferrimagnets, but it occurs in antiferromagnets as well, [7, 8] providing information on the orientation of the Néel vector, which otherwise can only be determined with X-ray magnetic linear dichroism (XMLD) at synchrotrons. [9] [10] [11] One can inject a spin current into a ferro(i)magnetic material (FM), exhibiting a net magnetization M, by driving a charge current Jc into an adjacent HM layer along the x-direction. A spin accumulation μs, polarized along the y-direction (cf. Fig. 1b-d) , is generated in the HM directly by the SHE and a spin current Js flows across the interface along the z-direction with an efficiency described by the spin mixing conductance G↑↓. [6] This is a complex quantity, but in the case of yttrium iron garnet (YIG)/Pt it was shown that the real part of the spin-mixing conductance Gr is one order of magnitude bigger than the imaginary part Gi. [6] We thus consider also for the NiO/Pt system the effect of the real part Gr only, that is sufficient to explain our data. The spin polarization of the main diffusive component of Js, arising from the real part of the spin mixing conductance Gr only, is proportional to × ( × ), [6] where μs is the polarization of the spin accumulation and m is the normalized magnetization ( m m , generates a charge current along y (transverse resistance variation). Therefore, when m || μs, the spin current is reflected from the magnetic material [4, 12] and the additional charge current induced by the ISHE leads to a lowered measured resistance. Then again, the spin current is absorbed by spin transfer torque if μs ⊥ m, yielding a state of higher measured resistance in the HM Pt. The orientation of m can be controlled by an external magnetic field.
In the simplest case, when the magnetization is aligned along H, as the angle α between the current and the magnetic field is changed, a cos 2 (α) modulation of the resistance, following the definition of α in Fig. 1b , is obtained (positive SMR by convention). [4] By contrast, in antiferromagnets the magnetic moments follow the normalized Néel vector n ( 1 n = ), therefore the main component of the polarization of the spin current flowing along z is proportional to × ( × ), [4, 7] i.e. the longitudinal SMR depends on 2 1 y n − , while the transverse SMR depends on x y n n . The orientation of the Néel vector can be also controlled by a sufficiently large magnetic field, however the configuration of lowest Zeeman energy is the one with n ⊥ H, [13] therefore the dependence of the SMR versus field is shifted by 90° as compared to ferromagnets, yielding an expected sin 2 (α) dependence (negative SMR).
Both positive and negative SMR have been observed in HM/antiferromagnetic insulator(AFMI)/FM trilayers, [14] [15] [16] [17] where the spin backflow from the antiferromagnet and the ferromagnetic insulator (FMI) is detected. A non-monotonic behavior of the SMR as a function of the AFM thickness [14, 16] as well as a change of sign as a function of temperature have been reported in AFMs [14] [15] [16] 18] and in compensated ferrimagnets, [12] suggesting a competition between positive and negative contributions arising from the FMI and the AFMI, respectively. The SMR in bilayers of antiferromagnets/HM has been investigated only very recently. A positive SMR was claimed for bilayers of SrMnO3/Pt [19] and Cr2O3/W, [20] possibly due to a small canted/uncompensated magnetization M. [21] During the preparation of this work, reports on a positive SMR in paramagnetic Cr2O3/Pt, negative SMR in Cr2O3/Ta [22, 23] and a negative SMR in NiO(111)/Pt bilayers, [24, 25] where the magnetic field rotates in the NiO(111) easy plane only, in agreement with theoretical predictions [7] , were published. during the preparation of this work. However, at present, the three-dimensional angular dependence of the spin Hall magnetoresistance in an antiferromagnet has not yet been reported, nor has the SMR been shown in epitaxial NiO(001) thin films, the most stable NiO orientation, [26] relevant for applications.
In this paper, we analyze the occurrence of the SMR in a bilayer of Pt and epitaxial NiO(001) thin films, as revealed by angular-dependent magnetoresistance (ADMR) measurements along different rotation planes. We provide a theoretical model to describe the multidomain antiferromagnetic state of the NiO, based on the competition between the Zeeman energy and the destressing energy, stemming from the clamping effect of the substrate. [27] By using this model, in addition to the SMR theory described above, we can explain the full set of ADMR data acquired experimentally, after subtracting magnetoresistive contributions of the Pt not related to the NiO antiferromagnetic order. Finally, from the measured data, we gauge the efficiency of the spin transport in antiferromagnetic thin films, by ascertaining the spin mixing conductance of the NiO(001)/Pt interface. [6] 
II. THEORY
NiO is an easy-plane, collinear antiferromagnetic insulator (band gap of 4 eV) [28] with a bulk Néel temperature of 523 K, [29] representing an ideal model system to study the SMR in AFMs.
Above the Néel temperature, NiO exhibits a cubic rock salt structure, while the unit cell contracts along one of the four <111> directions in the bulk antiferromagnetic state. [29] Within each of these four magnetostrictive domains (T-domains) the spins are confined to ferromagnetic {111} planes, which in turn are antiferromagnetically ordered. [29] [30] [31] The spins are relatively free to rotate to point in one of the three <112 > directions, leading to three possible independent spin domains (S-domains) within each of the T-domains. Like T-domains, Sdomains also possess different strains of magnetoelastic origin. The magnetic structure of NiO is shown schematically in Fig. 1a for a single S-domain, while all possible domains are listed in Table I and II. With the application of an external field, the main mechanism of spin realignment is the motion of the AFM domain walls, [13, 29, 31, 32] which was reported to occur between <1 T and 7 T for bulk crystals. [13, [32] [33] [34] As mentioned above, the SMR depends on the relative alignment of the Néel vector orientation n and the current direction. [7, 25] In a multidomain sample, the resistance variation depends on the average Néel vector of the domain structure. Therefore, the longitudinal (transverse) SMR along (perpendicular to) the current direction can be modeled as:
where the x axis is parallel to the current (see Fig. 1a-d) , / ρ ρ ∆ represents the SMR coefficient, and 〈…〉 means averaging over the domain structure with the additional limitations discussed below. Note that these expressions are obtained under the hypothesis of negligible imaginary part of the spin mixing conductance. As pointed out above, the application of an external magnetic field H to the NiO sample induces a reversible redistribution of the AFM domains, which affects the SMR. Our model assumes that the equilibrium domain structure of the NiO is defined by the competition between magnetoelastic effects and the external magnetic field. [3, 21, 25] The reversible redistribution of the magnetic domains by external fields can be explained by the destressing fields, similar to the demagnetizing fields in ferromagnets, which originate from long-range elastic forces. [3] In particular, in NiO, which shows pronounced magnetoelastic coupling, [35] the domains with different orientations of the Néel vector (0) n are strained in different directions, Table II ). The strain of each homogeneously deformed region (0) u alone is incompatible with the non-deformed nonmagnetic substrate (clamping effect). Thus, a monodomain state produces macroscopic mechanical stresses and is not energetically favorable. By contrast, the formation of a multidomain state allows the system to reduce the average strain to zero, since shear stresses, having opposite signs in different domains, can be relaxed. We model this effect by introducing the destressing energy [3, 27] (per unit volume), whose structure corresponds to the tetragonal symmetry of the sample (NiO and the substrate). If the z axis is perpendicular to the plane of the sample, we define:
where s M is the saturation magnetization, The number of variables depends on the number of possible domains N. In our experiments we assume NiO(001) samples with all possible types of T-and S-domains (see Table I ), which means that N = 12 and the domain structure provides 11 additional degrees of freedom (
). This is in contrast to Ref. [25] , where the authors considered a NiO(111) film, whose structure favours the formation of only one T-domain (T1 in our notation). In that case, the domain structure consists of S-domains only, i.e. N = 3, which gives two additional degrees of freedom. As a result of the more complicated domain structure of NiO (001), we use the full set of parameters for modelling the destressing fields, while in Ref. [25] In the absence of external fields, the destressing energy (2) ). However, the application of an external magnetic field removes the degeneracy of the domains by introducing the additional energy contribution (Zeeman energy)
where the field ex H parametrizes the exchange coupling between the magnetic sublattices. The
Zeeman energy can be minimized by the coherent rotation of the Néel vectors within the domains and/or by the redistribution of the domain structure (variation of j ξ ). If the pinning strength of the domain walls is small as compared to the spin-flop field, the mechanism based on the domain wall motion is preferable. In this case, the effect of the external magnetic field can be fully or partially screened by the domain redistribution (for the details on the screening mechanism see Ref. [25] ). In NiO(001) samples a variety of T-and S-domains is sufficient to provide full screening of the effect of the magnetic field. In this case, the orientation of the Néel vectors inside the domains is defined by the magnetocrystalline anisotropy only (see Table II) and the domain fractions can be calculated by the minimization of the sample energy destr Zee E E + with respect to j ξ , or any set of independent linear combinations. The stress/strain tensor has five independent components corresponding to shear strains, which can be relaxed by the redistribution of the 12 types of domains in different ways. Therefore, we here use five independent combinations generated by α -scan (xy-plane):
β -scan (yz-plane):
γ -scan (xz-plane):
Where l/w is the geometrical ratio length/width of the Hall bar, necessary to compare transverse and longitudinal measurements. Although relations (5)- (7) contain several phenomenological parameters that cannot be easily determined a priori, they predict the angular dependencies and relations between the amplitude of the SMR for different plane scans. In particular, Eq. (5) predicts a negative sign of the SMR within the xy-plane scan, i.e. the highest (lowest) Pt resistance is found for α = 90
. This is in agreement with previous theoretical predictions on antiferromagnets and previous experimental results on NiO. [7, [14] [15] [16] 24, 25] In a similar way, Eq. (7) (5)- (7) also show that the amplitudes of the SMR signal,
grow with the magnetic field as 2 H ∝ . Equations (5)- (7) are valid whilst the sample is in a multidomain state and the domain fractions j ξ can be considered as variables. The field at which a monodomain state is formed, MD H , can be obtained from the conditions that the variables take their limiting values corresponding to a single domain, say T1S1 (see e.g. Eq. (4) and The antiferromagnetic structure of a MgO//NiO(90 nm)/Pt(7.5 nm) sample was imaged by combing x-ray photoemission electron microscopy with the x-ray magnetic linear dichroism (XMLD) effect, after thinning the Pt layer by Ar ion etching. The images were acquired at the Ni L2 edge using x-rays with linear vertical polarization and an energy of 871.0 eV and 869.6 eV [10] and calculating the XMLD as the difference of the images divided by the sum, while the x-ray beam was directed approximately along the (110) direction and at a grazing angle of 16° with respect to the surface of the sample. At μ0H = 0 T, our samples exhibit antiferromagnetic domains as shown in in Fig. 1e , demonstrating the high quality of our NiO films and the presence of displaceable domain walls, oriented at 45° with respect to the (100)
or (010) sample directions. Note that the XMLD contrast vanishes at 533 K, as expected with respect to a bulk Néel temperature of T = 523 K, and no ferromagnetic contrast was seen in
XMCD-PEEM measurements (see Supplementary information). Image distortions do not make
XMLD-PEEM imaging possible at high applied magnetic fields so that one cannot probe the SMR by direct imaging.
To check the validity of the model, the NiO/Pt bilayers were patterned into Hall bars using electron beam lithography and ion beam etching. The Hall bar geometry is shown in Fig. 1f .
The samples were installed in a variable temperature insert cryostat with a superconducting magnet and static magnetic fields of up to 11 T were applied. The sample was rotated through the xy-, yz-and xz-planes (Figs. 1b-d Drifts in the resistance occurring during the reversal of the field were corrected for by summing a constant offset to the backward part, to ensure the continuity of the resistance. Linear drifts due to a non-perfect temperature stabilization were corrected when detected. The sample temperature was maintained at 199.46 ± 0.02 K for all measurements, as probed by a Cernox-1050 sensor.
IV. RESULTS AND DISCUSSION
The full angular dependence of the MR amplitude for external fields μ0H up to 11 T and rotated The relative resistance variation in the sample without NiO is 27% of the one detected in the sample including NiO in the xy-plane scan and 35% in the xz-plane scan. However, the yzplane scan is similar in the two samples, by which we conclude that this plane scan is dominated by the ordinary magnetoresistance. By contrast, the Hall effect, shown in panels 3d,f has the same magnitude in both samples, as expected for identical Pt thickness and Hall bar geometry, highlighting the comparability of the samples. Therefore, we can identify the SMR contribution as the additional fraction of magnetoresistance in the NiO/Pt sample compared to the control MgO/Pt sample. To quantitatively understand why the OMR has different amplitudes in all three planes, one has to consider in detail the geometry of the sample and the band structure of the Pt. We will just give qualitative arguments here, since a more detailed description is beyond the scope of the present paper. Note that a report highlighting the importance of the OMR assumed no contributions in the xy-plane scan, [38] as expected for a 2-D system, while we show here that these are not negligible in our bilayers. In a 3-D rod of material, where the current flows along the rod axis, the direction of the magnetic field (transverse/longitudinal) with respect to the current defines the ordinary magnetoresistance. Therefore, since both transverse directions y and z are equivalent, one observes resistance variations in the xz-and xy-planes scan, and no resistance variation in the yz-plane scan. By contrast, in a 2-D system, where the motion of the electrons is confined in the z directions, only the magnetic field component along z is important for the OMR since the electrons moves only in the xy-plane scan and the magnetic field component parallel to y has no effect. [38] In the 2-D case, equal resistance variation is expected in the yz-and xz-planes scans, while no variation occurs in the xy-plane scan. A Pt layer of 7 nm thickness is not a true 2-D system since the motion of the electrons is not perfectly confined in the z direction. In this case, which is the most common case in experiments and unlike a true 2-D system, a resistance variation arising from OMR is detected in all the xy-, yz-and xz-scans.
The longitudinal (ΔRxx) and transverse (ΔRxy) resistance variations of the MgO//NiO/Pt sample, measured in the xy-plane scan, were respectively fitted with a ΔR*sin 2 (α + α0,xx) and ΔR*sin 2 (α + α0,xy) functions (the fit is shown as continuous lines in Fig. 2a-b) , where α0,xx and α0,xy are constants. The small differences of the offsets α0,xx = 6° ± 2° and α0,xy = -40° ± 2° to the expected values of 0° and -45°, respectively, are likely given by a non-corrected misalignment of the direction of the current, while their difference α0,xx -α0,xy = 46 ± 3° is in agreement to what is expected for SMR. The data shows a negative sign of the SMR within the xy-plane, i.e. the longitudinal resistance of the Pt is highest when the external field H || μs, and minimized for H ⊥ μs, as predicted by Eq. (5). This implies that the SMR in our system results from a component of the Néel vector perpendicular to the field and supports the validity of our model.
For the yz-and xz-planes scans, the transverse signal is dominated by the ordinary Hall effect of the Pt top layer, which is linear with the field and follows a -cos(θ + θ0,Hall) functional angular dependence. By subtracting the Hall-effect related cos(θ + θ0,Hall) angular dependence, we obtain a vanishing residual transverse magnetoresistance, as shown in Figs. 2d,f, in agreement with Eqs. (6,7) . By correcting the offset in order to set θ0,Hall = 0° and by applying the same correction to the transverse and longitudinal data, we find that the longitudinal resistance modulation in the xz-plane scan is ΔR*sin 2 (γ + γ0,xx) with γ0,xx = 91 ± 2°, in agreement with Eq.
(7).
As pointed out above, a contribution from ordinary magnetoresistance is present in Pt at high magnetic fields. This contribution is less than one third of the total magnetoresistance measured in the NiO/Pt at 11 T in the xy-and xz-planes scans, as determined by the comparison to the MgO/Pt control sample, but in the yz-plane scan the total MR is mainly arising from the OMR, while the SMR contribution is negligible considering an interval of 1 standard deviations around the measured value. Based on the ratio between OMR and SMR at 11 T in the three planes, we subtracted the same relative contribution from the field dependence. We can therefore fit the magnetoresistance data with our model after subtracting the OMR contribution.
The SMR amplitudes in the three planes are shown in The relative amplitudes of the longitudinal resistance variation in the different planes qualitatively agree with Eq. (9), which predicts no resistance variation in the yz-plane scan and a transverse resistance variation larger than the longitudinal resistance variation in the xy-plane scan. The different amplitudes between the xy-and xz-plane scans are not explained by our simplified model. This discrepancy might be due to defects affecting the domain wall motion, such as pinning defects, which have been neglected in the theory presented above. The study of these defects requires additional assumptions and experiments, which go beyond the aim of this paper.
In our experiments, no saturation of the signal up to 11 T is observed. The absence of an incipient saturation at 11 T is in agreement with the saturation field of 13 T reported in NiO(111) thin films, [25] considering that the NiO(001) orientation is even less favorable for the field-induced reorientation. From the measured SMR ratio ∆ / at 11 T, calculated as the difference between the total MR ratio and the OMR in the control sample, we can set a lower limit for the spin mixing conductance by using the formula from the model based on spin diffusion theory by Chen et al.: [6] 
where σ is the measured Pt conductivity (5.5x10 6 Ω -1 m -1 ), λ is the spin relaxation length in the Pt (3.5 nm), [39] θSH is the spin Hall angle of the Pt (0.03), [39] and dPt is the Pt thickness (7.5 nm). The spin relaxation length and the spin Hall angle were estimated by using the conductivity of the Pt and the values in Ref. [39] . By using these values, we obtain the lower limit for the real part of the spin mixing conductance at the NiO/Pt interface to be G↑↓ ~ 2x10 14 Ω -1 m -2 . This value is comparable to what was obtained in YIG/Pt [4] and it fits well with the order of magnitude of recent theoretical predictions, [7] while it is lower than what was reported by Han et al. [19] in Pt/SrMnO3. However, from the data by Hoogeboom et al. [24] in single crystals of NiO(111)/Pt, where a strong dependence on the interface treatment was found, and considering that 11 T are not sufficient to saturate the signal, we expect that the spin mixing conductance can be further optimized. 
